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lindio Echo Studies of the IJoon a t  23 cm. bI:.tvclcn&h 
J. V. ,Rmns P n d  T. Ragfors 

1,incoI.n Lc2boratory,* E lass echusett s Insti tute or 're chnology 

Short pulse radio reflection studies hwc been made t o  d-etermine the 
averwe sca t te r iw behavior of the lunar surface a t  a wzvelength of 23 cm. 
intensit ies of both the Dolasized (expected) and depolarized components of the 
return hwe been mensru.ed. 
section of the moon u using the Lincoln Caiibrakion Sphere (LCS) sa t e l l i t e  e s  
a compmison standmd yielded the result  D~ = 0.065 c + 0.008 times the physical 

2 .  cross section ( f l  a ). 
measurements a t  68 and 3.6 era sraveleagth. 
smoother parts of the moon's surfzce scatter i n  much the sane fashion 8t 23 cm 
wavelength as zt  68 cm wrvelength, there eppeaxs t o  be a 3  increase i n  the 
amount OF surface covered with structure cm-paxable i n  size t o  the wavelength, 
Attempts to account for  the scnttering theoretically are reviev&!d, end it i s  

shovn th&, as yet, no complete understanding has been achieved 02 the reflection 
properties of lunar md plznet-y surfaces containing structure both much larger 
t h m  and compzrable i n  size t o  the exploring w8velengtli. 
that  the m e a  surI'ace slope of LO i s  applicable t o  elements of the surface of 

the order of five t o  ten wavelengths &cross, and i s  therefore the slope that  
mlght be encmntered by a l a d i n g  vehicle. 

The 

A precise dete-rminztion of the to t a l  r a d k x  cross 

0 

The obscrvztions reported here itre cmpmed with earlier 

It is  concluded that though the 

Tt i s  believed, however, 
0 

*Operated with support from the U.S. National Aeronautics and Space 
Administration. 



Introduction 

A s  a result  of previous studies of the moon it has been established that 

at meter rmvelengths the reflections mise predominantly from a small central 
region on the lunar disk where the swface is  neau.ly normal t o  the direction of 
incidence and reflection. The regions nearer t o  the linibs appear approximately 
uniformly bright, and contribute on& a mall fraction of the t o t a l  reflected 
power (Evms and Pettengill, 1963a). 
central region becomes less  intense with respect t o  i-bs surroundings a d  expands 
in size. 

A s  the wavelength is  reduced, the  bright 

Also the f imt ion  of the power attributable t o  the uniformly bright 

region increases, and a t  a wavelength of about 2 ern probably accounts for half 

the t o t a l  parer (Evans and Pettengill, 1963). At 8.6 mm the surface q p e w s  
alraost uniformly bright (e et  al, 1963) - as it does optically a t  full moon 
(Markov, 1948). For a recent review the reader is referred t o  Evans (1965). 

These results have been interpreted as indicating that on a scale of a 

meter the surface is largely smooth and undulating, w i t h  z mean surface slope 
that  i s  related t o  the size of the  central bright region. It i s  thought that 

the limb region appears almost uniformly bright because for l ass  angles between 
the ray and surface norma1 f e w  plane elements are found per-pendiculau. t o  the 

ray path, aid hence small structure which can scatker into wide angles i s  
responsible for the reflections. 
the mean slope appears to increase, and the amount of pmer  contributed by the 
small scale structure on the surface increases also, 

spectrum of different s i z e  surface structure in which there is an increasing 
amount having scales on the order of the wavelength of observation with de- 

Thus as the exploring wavelength is shortened 

This implies awhole 

creasing wavelength. 
structure must be associated w i t h  small  craters whose nmber increase rapidly 
as their  size is  reduced (Heacock et  al, 1965). 

and Pettengill (1963b), Klemperer (1965) and others have stimulated a lwge 
number of attempts to deduce theambica.lly f r o a n  these reflection properties a 
physical description of the surface. We review briefly th i s  work and show that 

the theory m y  be regarded as satisfactory only for long wavelengths, where the 

Froxu the Ranger pictures it seem that  much of t h i s  

The experimental results reported by Pettengin and Henry (19621, Evans 
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surface may real is t ical ly  be assumed t o  be locally smooth. 
reflection properties change with wavelength demonstrates that this assumption 

The fact that the 

i s  only an approximation, and one which becomes increasingly inaccurate as the 
wavelength i s  shortened. 

In Section I1 vhich fol lam we briefly outline the natme of the ear l ier  
Section published measurements and indicate why additional oneG are desirable. 

111 describes the apparatus and observing procedure, Section JY the new 
and Section V their  interpretation. 
between the radio scattering properties of the lunar or a planetary surface and 
the nature of the lunw terrain. 

lh Section V I  we discuss the relation 

11. Previous Short Pulse Observations 
__.I_ 

Short pulse studies of the lunar surface have been made at a number of 
wavelengths. 
types such as mer spectrum measurements discussed by Evans and Pettengill (1962a) 
for  the follmring reasons: - a) better resolution can be obtained by examining 
the distribution of echo power with respect t o  delay than frequency wing t o  the 
smal l  angxi4.a~. rotation ra te  of the moon, 
between the echo power at a given range delay t and the angle of incidence and 

reflection $? of the radio waves, and e )  for  practical reasons it is  possible 
t o  explore the echo power over a larger dy-namic range Vhen separating the echoes 
with respect t o  r a g e ,  than when resolving them i n  frequency. 

over almost the fUll range of angles 0 < (d < 90' a t  3.6, 68 cm and 6 m wavelengkh. 
The pulse lengths used i n  these measurements and also the intervals at which the 

echo power was sampled (Table I )  differed considerably so that  the resolution 
obtained for small (d w a s  often poor. 
far, together with the ones reported in  th i s  paper. 
t o  the present measurements the behavior i n  the region $ - 90' had. been observed 
only at  wavelengths of 3.6, 68 and 600 cm. 
prevented a useful exanination of the region # < LOo at dl but two wavelengths, 
namely 10 and 68 cm. 
experiments have been conducted t o  match the re6olution achieved a t  3.6 cm and 

These measurements we, i n  OUT view, t o  be preferred t o  other 

b) there is a direct correspondence 

The scattering properties of the lunar surface were previously explored 

Table I lists the observations made thus 
It can be seen that prior 

3 3  addition the pulse lengths employed 

In the observations at  23 em wavelength reported here 
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68 cm wavelength and the scattering behavior has been explored over all fl for 
both the expected and depolwized components of the echo. 

III. Equipment and Observing Procedure 

The observctions reported herein at 23 cm wavelength were d e  using the 
Linco3n Laboratory, P4illstone I f i l l  Rad= located i n  Vestford, Massachusetts 
(42.6ON 71.5%). 
se t  of observations m e  l is ted 1Ln Table 11. 

The parameters of the equipment as employed for the present 
During the coarse of the measure- 

ments the antenna was directed to point continuously at the center of the moon's 
disk by means of a Univac 490 dig i ta l  computer or by preparing a punched paper 

tape which gave pointing instructions at  10 sec intervals. 
by means of a television camera aligned along the axis of the bean t o  confirm 
that  the pointing tzas accurate. 
expected frequency of the echo by means of a special linearly varying frequency 
generator, the slope of the linear frequency vaziation being reset at 5 minute 
intervals. In addition to guidbg the receiver tuning i n  frequency t o  match 
the expected doppler shif t ,  the variation of the position of the echo on the 

time-base &de t o  the continuously changing range w a s  compensated t o  within a 
small fraction of the pulse length. 
could be taken at  fixed delays with respect t o  the echo position, and these 
could be averaged t o  obtain the m e a n  echo parer at that delay. The mmner i n  
which these range and frequency campensatians axe provided has been described 
elsewbere ( ~ m s  et al, 1965). 

Checks could be m a d e  

The receiver w a s  tuned t o  vi thin 0.1 c/s of 

IR t h i s  way samples of the echo intensity 

Following the last frequency conversion i n  the multiple superheterody-ne 
receiver the signals are applied t o  two phase detectors, which axe driven at 
the same reference frequency but shifted in phase by 90'. 
detectors me thus the sine and cosine camponents of the s ignd.  
ponents axe sepaxately filtered by luw-pass filters (which are matched either 

t o  10 or 20 psec pulses, Table 11) and sampled by identical digi ta l  voltmeters. 
The voltmeters <are commanded t o  take samples at equal intervals of delay, 
choice of several senple frequencles is mailable, but most of the measurements 
were conducted with fkequencies of 50 or lo0 Kc/s. 
voltmeter t o  make a determination is 0.25 lJsec, 

The outputs of these 

These can- 

A 

The tim?e required for the 

Each voltmeter determines the 
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Table I1 

The Millstone H i l l  L-bwd R a d a r  

Frequency = 1299.0 Mc/s 

Antenna = 84 f t .  parabola with Cassegrain feed 
arraagexuent 

Antenna Gain = 47.3 db 

Polarization = right clrcular transmitted 
right and l e f t  circular separately received 

Beanwidth = 0.6' between half paTer points 

Transmitter power = variable, 5 MW peak maximum (continuously 
monitored) 

Pulse length = varriable, pulses of 10, 30, 100 ayrd 200 psecs 
length were ernplayed in these observations 

Receiver bandwidth = 100 Kcfs predetector. Postdetectm filter 
matched t o  10 psec pulses for 10 wec pulse 
transmissions, matched t o  20 psec pulses for 
aU. other transmissions. 
Also 8 Kc/s predetector for the observations 
described In See. IVb. 

System Noise Temperature = - 15OoK (continuously monitored) 

Overall feed-line and = 2.1 db 
other losses 
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sign of the signal and assigns it one of 32 possible levels. The t o t a l  dy-namic 
range of the receiver system is therefore limited by these voltmeters t o  30 db, 

The echo intensity could be explored over a wider range than this, however, by 
raising the transmitter power and repeating the measurements at different signal- 
to-noise levels, 
on magnetic tape for la te r  computer processing, 
the pair of smples corressonding t o  a given rage delay are squared and added 

to  yield the echo power at that  dew, 
for that  delay t o  yield an average for the echo power at that delqy. It was  
a lso possible t o  receive both orthogonal components of the reflected signals 
simultaneously and sample and store the voltages corresponding t o  the two signals. 
In t h i s  way the polarization of the reflected signals (Sec. IVb) could be explored. 

. 

The samples obtained i n  th i s  fashion were recorded digi ta l ly  
In the simplest form of processing 

This sum is then added to a l l  0th- Suns 

IVa. Results fbr the Polarized Conrponent 

Ln th i s  measurement a circularly polmized wave of or-e sense was trans- 
In order t o  mitted and the opposite (Le. ,  the e.qected sense) was received. 

explore the echo power P(t)  over the complete radar depth of the moon (11.6 msec) 
observations conducted vi th  a variety of pulse lengths were carried out. The 
echo power vas established for  the region of delays 0-700 psecs using a pulse 
10 PSecs l m g  a d  a sanrpling interval of 10 psec, together w i t h  observations in  
which 30 wec pulses w i t h  a 20 Psec sample interval were used. 
of observations the tjransmitter power was lowered t o  ensure that the echo power 
did not exceed the maximum sampling level of the d ig i ta l  voltmeters. These 
measurenents were then repeatea a t  a somewhat higher power t o  establish the 

dependence in  the region 0-2,4 msec and yielded the results plotted i n  Fig. 1. 

For both sets  

FinaXly, observations made w i t h  30 psec, 100 Psec and 200 psec pulses and 
corresponding sample intervals of 20 psec, 100 psec ;wd 200 wec were used t o  
establish the e w e  i n  the region 2.4-U.6 msec. 
i n  Fig. 2, 

width comparable t o  the angular extent of the moon it was necessaxy t o  correct 
the observations for  the non-uniform illumination of the moon's surface. 
antenna radiation pattern (Fig. 3 )  was  established using radio stms and a 

distant beacon transmitter as sources. Both methods agreed w e n  and Fig. 3 

These observations are plotted 
Since the antenna beam of the MiUstone radar has a half power beam- 

The 



presents a pattern obtained by averaging plots obtained for the azimuthal and 

elevation planes. 
required are not large, and amount t o  only 4 db at  the limbs. (Note that the 
mtenna w e i g h t s  the trmsmrfssion and reception equally so that  the effect must 
be included twice.) In  Figs. 1 and 2 we have shown the corrected curve of 
echo power VS. delay P(%) obtained Vhen the effect  of the mtenna has been 
removed. 
logarithm of the echo delay t and overlaid t o  obtain a single smooth curve. 
In t h i s  way the effect  of the saturation of the receiver a t  the leading edge 
which was encountered when attempting t o  observe the limbs could be removed. 
Figure 4 shows -the results obtained. The values plotted i n  Fig. 4 together 
with the values observed a t  3.6 cm and 68 cm wavelength by Ebans asd Pettengill 
(1963b) are l i s ted  i n  Table 111. 
three wavelengths when pulses of 30 bisecs axe used t o  resolve the leading edge. 
These three curves have been normdized a t  the origin and 3xe %he only results 
at  different wavelengths i n  which exactly the same resolution was employed. 
Table I11 gives the results obtained when shorter (10 psec) pulses were included 
i n  the measurements at  23 axid 68 cm. 

0 Since the moon has a diameter of 0.5 the antenna corrections 

The three corrected curves were next replotted as functions of the 

Figure 5 shows the results obtained at the 

rvb. Observations of the Depolarized Caponent 
By receiving the same sense of c-irculw polasization as was transmitted 

it i s  possible t o  determine the mount of power that  has been converted into 
the orthogonal circulaxly polmized mode . 
th i s  component the "depolarrized" component, though e.d-ditiona1 measurements 

Evans aad Pettengill (1963b) czlled 

using l i newi ly  polwized waves -e required i f  the cmplete scattering matrix 
for the surface i s  t o  be established. 
polwized components could be made simul%meuus~, or altern&ely a t  T r i l l .  

F igwe 6 shorn ttic d i s t r ibu t ion  of echo poxrer D ( t )  vs. delay obtain& for the 
depolzrized- component using 160 vsec pAses, 50 Kc/sec pjjedetection f i l t e r s  and 
a sample interval of 160 Gsec up to a delay of 4 msec cad 1 msec pulses, 2 Kc/sec 
predetection f i l t e r s  and a sample interval of 480 psec for delays beyond 4 msec. 
The zbsolute level of the echo could be established by injecting into the receiver 
input terminals (via a directional coupler) a pulse of noise corresponding t o  a 
known increase i n  system temperature on estch sweep of the tjmebase. 
pulse serves t o  determine the relationship between 

Ileaswements of the depolmized a d  

This 

8 



Table I11 

DelQr(t  1 
10 PS. 
20 
30 
40 'I 

50 
60 
70 I' 

80 I' 

90 

'I 

I 1  

L 
2.38 
3.37 
4.ll 
4.77 
5.31 
5.83 
6.30 
6.73 
7.13 

Relative Echo Power VS. Delay for the Moon 
Observed at Lincoln Laboratory MOLT. 

t k=3 . 6cm* 23cm 
0 0 
4.1 -0.85 

-0.55 -1.9 
-0.85 -2.35 
-1.05 -2 75 
-1.35 -3.15 
-1.5 -3.55 
-1.75 -3.95 

-0.4 -1.40 

68cm' 
0 db 

-0.6 db 
-1.5 
-2.2 
-2.8 
-3.3 
-3.8 
-4.3 'I 

-4.8 " 

11 

100 I' 7.53 -1.95 -4.3 -5.2 I' 

125 8.42 -2.5 
156 
175 
200 
225 
250 
275 
300 
325 
350 
375 
400 
425 
450 

'1 9.22 
9.96 

10.65 
'I u.30 
l 1  u.92 

12.50 
I t  13.06 

13.60 
'I 14.U 

14 . 60 
I' 15.09 

15.56 
16.01 

-2.9 
-3.4 
-3.8 
-4 15 
-4 e 45 
-4.85 
-5 15 
-5.45 
-5 0 75 
-6.0 
-6 . 15 
-6.5 
-6 . 70 
-7,o 

-5.8- 
-6.45 
-7.0 
-7.5 
-8.0 
-8.45 
-8.85 
-9.2 
-9.55 
-9.9 

-10 2 
-10.5 
-10 . 8 
-3A.2 

Delay( t ) h=3.6~m 230m 6&m 
2.0 ms 
2.25 
2.50 It  

I1 

2.75 " 

3.0 
3.25 " 

3.50 " 

4.0 'I 

4.25 I t  

4.50 " 

4.75 
5.0 
5.25 I' 

5.50 
5.75 'I 

6.0 
6.25 It  

6.50 
6.75 

3.75 I' 

'I 

7.0 'I 

7.25 " 

7.50 
7.75 :: 

8.75 :: 
8,o 
8.25 
8.50 'I 

9.0 
9.25 " 

9.50 " 

9.75 
10.0 It  

10.25 '' 
10.50 It 

10.75 I' 

11.0 It 

n.25 
u.50 'I 

34.16 
36 30 
38.33 
40 . 28 
42 . 16 
43 97 
45.72 
47.42 
49.08 
50.69 
52-21 
53.82 
55.33 
56.82 
58-29 
59.72 
60.95 
62Q 55 
63 93 
65 36 
66.65 
67.98 
69*31 
70.63 
71.94 
73.23 
74.53 
75.79 
77.06 
78.33 
79.59 
80.84 
82.09 
83 34 
84.58 
85.82 
87.06 
88,29 
89.53 

-12.9 
-13 0 5 
-14.0 
-14.35 
-14 0 85 
-15.1 
-15 04 
-15 -7 
-15.9 
-16.1. 
-16.35 
-16 5 
-16.1 
-16 9 
-17.1 
-17.35 
-17.6 
-17 0 85 
-18.1 
-18.35 
-18.6 
-18.9 
-19.2 
-19.45 
-19.75 
-20. 1 
-20 4 
-20.8 
-21.2 
-21.6 
-22 . 1 
-22.6 
-23 0 1 

- 1  
Not 
Meas- 
ured 

I 

-28.65 
-19.1 
-19.55 
-19 0 85 
-20.2 
-20.5 
-20 . 85 
-21. 1 5  
-21.4. 
-21.7 
-21 95 
-22.35 
-22.5 
-22 . 75 
-23.05 
-23.3 
-23 06 
-23.85 
-24.2 
-24.55 
-24 0 95 
-25.35 
-25 . 8 
-26.2 
-26.65 

-27.6 
-28.15 
-28.7 
-29.3 
-29.95 
-30.6 
-31.35 
-32.2 
-33.25 
-34.35 
-35 85 
-37.7 
-40.35 

-27.1 

-21.8 d 
-22.3 

-23.1 
-23.5 I t  

-23.8 lP 

10 -22 7 

-24.1 
-24.3 
-24.5 " 

-24 7 
-24.9 'I 

-25.1 ' I  

-25 35 " 

-25.6 I' 

-25.9 
-26.15 " 

-26 . 45 '' 
-26.8 'I 

-27 5 " 

-27.85 I '  

-28.25 
-28.65 ' 
-29.0 ' 

l i  

f l  

-27.15 I '  

-29.45 ' 
-29.95 
-30.45 
-30.95 
-3.5 
-32,i 
-32.75 
-33.35 
-34.05 
-34.9 
-35.9 ' 
-36.9 ' 
-38.35 I 

-40.1 I 

-42.7 ' 

* Pulse = 30 psec. 
T Pulse = 10 psec. 
+Pulse = I 2  Met. 

Resolution at the receiver = 20 wec. 
Resolution a t  the receiver = 10 Wit. 
Resolution at the receiver = 10 wec. 
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D(t) and P(t). 
determined using a 160 %ea pulse and a 50 a / s  receiver bandxhlth. F%ipe 7 
compares the two curves. The percentage polarization p ( t )  defined i n  

In order t o  remove the effects of pulse length P(t)  was  re- 

p ( t )  = pWr P t  + D t  x 100 

is  plotted i n  Fig. 8. 
68 cm by Evans and Pettengill (1963). 
polmiza'cion has increased with frequency. 
are included in  Fig. 7. 
the points shown as closed circles. 
relative position of the two curves in Fig. 7 is  the major source of uncertainty 
i n  measurements of this  type. 

each measurement it is necessary t o  establish the waveguide and other losses 
between the horn feed and the receiver input terminals for the two senses of 
poltwization. This was  accomplished using a beacon transmitter coupled t o  a 
dipole mounted on atower i n  the near field of the antenna. 
be rotated a t  will without influencing the amount of paver radiated by the 

beacon transmitter. 
reception could be checked. 
sane confidence i n  the method and suggests that  the estimated uncertainty assigned 
is too larrge. 

Also Shawn is the curve for p ( t >  obtained previous3y a t  
It can be seen that  the mount of de- 

Two independent sets 02 measurements 
The error bars indicate the uncertainty associated with 

The difficulty of establishing the exact 

In addition t o  including a calibration pulse in  

The dipole could 

In  th i s  way the circ-ity of the transmission and 
The agreement between the two curves in  Fig. 7 lends 

IVc. Observations using Linearly Polarized Waves 

Additional experiments have been casried out i n  which lineas polarization 
w a s  transmitted mdtwo orthogonal lixlearr components were received. The transnitted 
polarization w a s  established using a specially constructed high p m r  polarizer 
which controlled the energy fed to the antenna feed horns. 
l inear i ty  achieved could be checked using the remote test dipole and w a s  found 
t o  be of the order of 30 db. 

obtained, one of which is  digned along the dfrection of the transmitted polari- 
zation. 
icmosphere ( B r m e  et  al, 1956) the two received s i g n a l s  were recombined i n  a 

The degree of 

On reception two orthogonal linear components are 

In order t o  uverccnne the effects of Faraday rotation jn the e&h's 
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second polay.izer arrangement consisting of two 3 db combiners and two variable 
length sections of transmission l ine (phase shifters).  
receiver polasizer was arranged t o  be n linear component t h a t  could be rotated 
with respect t o  the transmitted component. 
was established using the  t e s t  dipole arrangement. 

The output of the 

The actual mgle between the two 

In a p r e l h i n q  experheat, observations were carried out using 200 Psec 
pulses. 

tions were made for three orientations of the receiver polwization. 
The transmitted plane of polarization was maintained fixed and observa- 

*The 
observations were carried out in  the m.n.ner described previously, i r e r ,  a 
calibration pulse served t o  establish t'ne absolute echo power. The measurements 
were made over a short time interval so tha t  the Faraday rotation (- 20' two-way 
at 1295 EIc/s) would not change significmtly. 
given delay interval would be expected to vary sinusoidally through one cycle 
when the receiver polzrizatlon i s  rotG'ced throwh an angle of 180'. The pe& 
of the siae wave w i l l  correspond t o  the expected cullrponent ant? the minimum to a 

component orthogonal t o  this.  
polarlzaticn and the tangle at which the signal is f m d  t o  2eak i s  sbp1y the 
two-way Fasadrty rotation angle. !Three points are sufficient to establish the 
phcase an& amplitude of e sine wave an& hence the aeasureaents obtained for the 

three receivcd polaxizations could be used t o  determine the r a t i o  of maximum 
t o  rninhnm si@al at each delay. This r a t io  bas been plotted i n  Fig. 9 as a 
f'unction of delay. It can be seen t h a t  i n  the diffuse region 02 the echoes 

(3-U mec) about 14'8 of the t o t a l  parer I s  returned i n  the linear node mthog- 
0na.l t o  that vhich would be reflected by a plane mirror. 

observed in the circular polwization eqeriments (Fig. 8) indicates that about 
1/3 of the t o t a l  power i s  returned in  %he opposite sense of c i rculw polarization 
t o  that e-upected i n  th i s  same region. 
discussed in Xec. V. 

The echo power obtained for R 

The angle betveen the transmitted plane of 

The depolmization 

The significance of these ra t ios  are 

FJd. Observations of the Total R a d a r  Cross Section 

Previous efforts t o  obtain reliable t o t a l  cross section measurements for 
the moon have been reviewed by Evans and Pettengill (1963). 
countered are usually large, because the uncertainty i n  the antenna gain 

The errors en- 



(typically 1 db) enters twice, :md uncertainties associated with the detemina- 
tion of the absolute power trmsmitted rmd the absolute calLbration of the 
receiver usuCl.y are of coriiprable orcier . 

A very precise detemination of t'ne moon's rad-m cross section is  no17 

possi'ole by compwing the lwri echoes with those from a caseiLzllry machined 
rnet'a.3. sphere placed in  earth orbi t .  This sphere, the Lincolil Calibration 
Sphere (LCS) has a cross section of exac t l y  1 rn2 at a wavelengtEn of 23 CK 

(Frosser, 1965). 
i s  a weaker target than the moon by c,?proximately 110 db. 
sensitivity of the Killstone Xi11 raxias is  required i n  order t o  observe it. 
The procedure adopted in  these measurements was as follovs. 
when the moon's elevation 
was then tracked using the normal closed-loop tracking afforded by the mdtiple 
bean system of the Millstone H i U ,  radw. 

the transmission of 2 mec rdas pulses. 
of 8 Kc/s vas used in  order t o  determine the echo amplitude. 
receiver was rectified using a squarre-law detector and sap led  a% 200 psec 
intervals. The integration Over the tiqe-base was achieved by s m i n g  the 
dig i ta l  samples i n  a computer for coulsecutive 30 second intervals. 
i n  the integration process vas the nomal calibration pulse. 
successive 30-second integrations were obtained and each of these  as used to 
deternine the overall sensitivity of the radar using an appropriate value for 
the mean range of the sa t e l l i t e  during that  30-second period. 
yielded the following relation: 

Unfortunutely, despite i ts  close range the cKLibration spliere 

Accordin$.y the x'UU 

A t ine was chosen 
that of the sphere were comparable. The sphere 

The automatic tracking system requires 
A sepmate receiver with a. bm-dvidth 

'The output of th i s  

Included 
About forty 

These observations 

where Techo i s  the equivalent increase in the system temperature caused by the 
sa t e l l i t e  echo and R its range. Based upon the pwameters of the radar system 
as determined from independent calibrations (Table 11) we should expect 

= 18.066 - 4 bgl0 R Loglo Techo 



Although in  %his instame it seems that  the rzhr parmeters  ere i n  fcct  quite 
'accurately knovn pr ior  t o  t h i s  overall calibrztion, the apeemnt  between (2 )  

and (3 )  l e ~ c i s  considerable confidence t o  the resul t  reported- here. 
FollmLnC; the observations of the TXS sphere the r c i a r  ~rsts employed .to 

observe the moon i n  precisely the s m e  ~.7zy, except "cat the antenna pointiag 
infomation was  derived f r o m  the punc3ed paper tape reader. 
echoes are very much stronger than those ~Yom the sa t e l l i t e  it was also 
necessary t o  reduce the systerri sensit ivity 7 3 ' ~  about 30 db t o  prevent %he 

receiver Tram satmatin&. 
power by an amount which was  measured usQg a carefully calibrated sower meter. 
It i s  d,so possible t o  achieve the sane effect by placing attenuxtors at %he 

receiver input terminals, but th i s  m s  considered undesirable as it cou lG  d-ls- 

tu rb  the matching of the receiver t o  the line. 
bcmdvidth vas made i n  order to reinow my mplitude fluctuations that might 
w i s e  from s m a l l  errors i n  the automatic campensation of the doppler sh i f t  
during the observations of the calibration sphere. 
were made fa r  periods of 3U sccuiicls and a man of 14 such periods was then talien. 

Since a 2 imec pulse i s  less than tize f u l l  depth of the noon (U.6 msec), E t  no 

time was the whole lunar hemisphere iUuminated md therefore cclntributing t o  
the echo pswer. 
of T milliseconds i s  simply 

Since the moon 

This :TCS xcomplLshcil by reducing the trmsmitter 

Tie choice of m 8 Kc/s receiver 

Observctions of moon echoes 

Thst is, the  cross s=.ction o(T) observed with a pulse length 

rn 

Q r P ( t )  d t  
0 eo 

r ll.6 o(T) = 
PCt) at 

.JO 

(4) 

where o i s  the t o t a l  cross section. This function is plotted i n  Fig. 10. \hen 
the cross section observed with 2 msec pulses is  scaled up t o  the value f o r  the 

whole moon we obtain 

0 

2 
CT = f 0.065 Ft 0.008 i-r a 
0 



The uncertainty given i s  the rms error resulting from the spread of the velues 

obtajned ix the h.0 obsermtions of t h e  sa te l l i t e  (i 0.38 db) and the 1'4 
tions of the moon (also k 0.30 clb). 

error remnining i s  that  associated vi th  r ed ing  the parer meter monitorin$ the 
transmitter power and the l inearity of' its scale. These errors w e  thought t o  
be substmitially smaller than the uncertainty quoted. 

O D S ~ ~ : J . -  

We believe that  the only so-ace of systematic 

V. Discussion of the Results 

a )  The polmized component 

The wavelength dependence in the scattering behavior reported i n i t  i d l y  by 
Lkms and Pettengill (1963b) ant? su2ported by Davis and Rohlfs (1964) and 
Eibemperer (1965) i s  strengthened by these observations. 
the observations made t o  d3te in iqhich a pulse length of LOO ;aec o r  less was 
emploTJed. 

i n  Table T except those of Davis and Rohlfs (1964). The results have been 
normalized at the origin, but since the resolution achieved in  th i s  region 
varied, it i s  likely that  the absolute relationships between the curves shown 
i n  Fig. U, i n  s l ight ly  in  error. In spite of this  the wavelength dependence 
in  the results i s  readily apprent. TY.s behavior must mean that there is  a 
continuurn 9f structure on the lunar smface (or perhaps within the upper layer) 
having scales in the range of wavelengbhs that  have been employed. 

Figme ll shows all 

That is, Fig* U. contains the results of a l l  the observations l is ted 

Since there is a direct relartion between the echo delay t an6 the mgle of 
incidence @ between the ray and mean stlrface normal, the angulax dependence of 
the echo power per unit  surface mea I?(@) can be examined smly by replotting 
the echo power as a function of 6 ,  In Fig. 12 we have platted these 23 em 
results as a function of log cos @ t o  test whether a l a w  of the form 

f i ts  the data. 
bright surface since a pulse of fixed length illuminates a region whose pro- 
jected area falls as cos #. 
surface. 

The case f o r  the exponent n = 1 would indicate a uniformly 

The ease n = 2 would indicate a Lambert l a w  
The results shown Ln Fig. ll Fndicate that  the region 80' C $ 90' 
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is  uniformly bright (n = l), but that  i n  the r a g e  50' @ < 80' the lav 

( 7 )  
3/2  95 I>(#) cc cos 

i s  encountered. 
reported by Evans and Tettengill (1963%) a t  68 cm. 
yet been found f o r  the l a w  (Eq. 7) which l i e s  midway betveen uniformLy bright 
and Lpabert scattering. 
we are forced t o  suZ3pose that  the scatterers m e  newly isotropic reflectors. 
Small .  scale elements having ver t ical  aad horizontal dinensions of coqarable 
o r  smaller size than the wavelength wouLd. behave in t h i s  fashion. Wms a d  

I3et'cengiXL (1963%) wgued on this  basis tha t  the regions obeying the l i n e a  
relations plotted in Fig. 12 m e  those in  which the s m a U  scale elements of 

The behavior sino.rm i n  Fig. 12 is essentiafly similar t o  that 

No adequate ex;?lanation has 

;:owever, since the surfme is  neml;. uniformly bright 

the surface scatter more' strongly than the smoother portions - probably because 
few large elements of the swface w e  inclined a t  such. large angles t o  the 
mean surface. This region (i.e., @ 2 4S0) was termed "dif-Tuse". 
the scattering appears very sensitive t o  the angle of incidence md hence is 

attributed to the smoother undulating portions of the surface which can be 

treated as fl.at facets. This scattering has been called quasi-specular. 

For @ C 40' 

The dit-ision of the echo paver into t v o  regimes attribut8ble t o  two broad 
classes of surface structure has been encountered a% all the radio wavelengths 
employ& thus fax, 
as a W c t i o n  of 1 + Log cos $$, 
beyond t = 4 msec (@ - 50') the echo power describes a straight line. 
mvelengths of 600, 68 and 23 cm the exponent n (Eq. 6) i s  found to be n = 3/2 

and for 3.6 and 0.86 cm it a,ppea;rs t o  be unity, though here the r e s d t s  me 
somewhat less certain, 

Figure 13 shows the results given i n  Fig. 11 w h e ~  replotted 
We find that at  a;LL wavelengths the region 

For 

We note that  though some authors (e.g., Daniels, 1963 a,b, R e s  et al, 1964) 
have accepted the interpretation of the curves (e.&, Fig. U) in  terms of two 
classes of scatterer, others (e.g., Muhleman, 1964, Beckmaan, 1965) have not, 
and instead have attempted t o  explafn the complete curve P(#)  in terms of 
quasi-speculas scattering. This requires that there be substantial amcJunts of 



surface caren t i l t e d  zt  very large mg1.es t o  the mean surface and the ms sloge 
one derives as  3 resul t  i s  correspondingly laxge. We do not think that this 

vicw i s  correct and have mE;uec? against it previously (Lkms and Hagfors, 1964). 
Further evidence in  s q p o r t  of the m&el outlined above i s  available from the 
vork of E;nte (1965) who has considered the wavelength dependence of the absolute 
echo power at given delays. 
per unit area increases with wavelength accordhe t o  a law lying between h -and 

h2. 
increases with increasing wavelen6h. 
the absolute echo power vsries nearly as ho2 impuing 8 t o t a r  different 
scattering mechanism. A similar conslusion has been reached by Pede and 
Taylor (2963) who compzsed the results reported by Evans and Pettengill (1963%) 
vith scattering frm different types of t e r r e s t r i a l  surface. 
t o  th i s  point when discussing the polarization results. 

Katz finds that  at the leading edge the cross section 

This dependence suggests coherent reflection from facets whose average size 
On the other ha&, in  the diffuse t a i l  

We shall retvcrn 

The mount of power associated with the diffuse component of the echoes i s  

listed i n  Table Tv. 

Table IV 

Percent of the T o t d  Power in the Diffuse Component 

h = 68 CM 205 

h = 23 cm 25$ 
= 3.6 cm 35s 

I = 0.86 cm 85$ 

When the diff ise  carponent of the power, i.e*, that  c o r r e s p m  t o  the s t r&%t-  
lines in  Fig. 13 has been subtracted,the remainder observed at 3.6, 23 and 68 cm 
appears as plotted- i n  Fig, 14, 
distribution of surface slopes and ~ri.32. be discussed further under Sec. VI.  
We have been unable t o  find any simple empirical l a w  t o  describe th i s  component, 
which, bj adjusting a single constant, w i l l  match the results at a l l  wavelengths, 

This component of the p m r  i s  related t o  the 



EVW and l’ettengill proposed a PEW of the forn  J ? ( $ )  a (1 -1- b g2)-’, but a more 
ccveful computation of the power in the qyasi-speculm coponent (presented in 

Fig, 14) shms that th i s  law is inexact. God agreement can be obtained. w i t h  

a l aw published by iIagforr, (1964) that has been derived from theoretical con- 
siderations (see. VI),  

b. The Depolwization _LI Kesults 

The measurements reported i n  Sections SN b and c are open t o  two possible 
types of explanation, namely 
radii of curvature cmd as such can act as dipoles,8nd b)  the reflection 
coefficient may depenll upon the relation between the plane of polarization and 

the local plane of incidence, 
occur, one of which i s  near the Bevs%er angle, or the echo may be p&ly 

reflected f’rom within the.lunas surface and hence depend upon the transmission 
coefficient into the uppermost layer, 

Hagfors e t  al (1965) have Shawn, however, that for !,d 
echo is  entirely reflected from within the lunar  surface and as such the echo 
parer from any s m a l L  region desends upon the squase of the local transmission 
coefficient. 
normst1 t o  the local plane of incidence are different and avly one range ring 
includes all possible local planes of incidence, t h i s  will serve t o  cause some 
depolarization. 
type i s  indeqyate t o  account for the large amount of depolarization observed 
in  Fig. 7. 
present i n  lunar reflection the original explanation a )  proposed by Evans and 
Pettengill (1963b) appeaxs correct. 
explanation i n  attempting t o  account for the polarization of‘ radar echoes from 
the sea at grazing incidence. 

a) some elemxts of the surface cay have s m a l l  

Thus, for example, mtrltiple reflections m y  

Evans and Pe t t eng i l l  (1963) attributed the depolarization t o  effect a). 
h.0’ it appews that the 

Since the transmission coefficients for  waves polarized in  and 

However, it appeazs that the magnitude of an effect of this  

Stated otherwise, although an effect of type b) is  demonstrably 

We note that  Long (1965) invokes a similar 

The echoes fron the quasi-specular region are l i t t l e  depolarized and th is  

i s  t o  be expected for  reflections from a largely smooth undulating surface 
(Hagfors, 1964). There is, however, a -ked t rami t ion  at about 3 msec delay 
(Figs. 8 and 9 )  beyond which the amount of depolarization is roug_.l constant, 



We may model the scatterers i n  t h i s  region as T l a t  facets which do not depolzrize 
and i? rmdm collection of dipoles which do. Rmdomly zrranged dipoles would 
completely depolarize an incident circularly polmized wave, since they would 

destroy the h/lc phase relationship between the two linear3 into which a circu- 
1cr wave may be resolved. Thus in  order t o  account for mount of polmization 
(about 40;;) observed a t  t = 8 msec (Fig. 8 )  we require that rou&ljr b$ of the 
energy be returned from the facets and 60$ from the dipoles. In this  case the 
dipoles w i l l  s p l i t  their  reflections equally between the t i 7 0  components t o  give 
30;; in the depolwized. canponent and 70:: w i l l  appear in the expected sense - as 

is observed. When l inewly  polwized waves are employed the dipoles reflect  i n  
the incident and orthogonal planes in  the ra t io  3: l  (Mack and *3eiffen, l$k). 
It follows that  of the 601;: 02 the parer reflected by the digoles only 1/11, i.e., 
l5';;, vi11 be i n  the sense orthogonal t o  the transmitted mode. Thus the r a t io  
between the two components would be expected to be about 0.18, i.e., i n  f z i r  
agreement with the results shown in  Fig. 9. 

Some support for the mdel  proposed here is  given in  Fig. 15 where we 
have plotted the echo power observed i n  the opposite sense circular mode t o  the 
eqected sense [%.e., D ( t ) '  shown i n  Fig. 61 as a function of Log (cos @). 
find that the echo power conforms t o  the law D(#) a cos 8, which i s  sln;lla;r t o  
the law observed for the difTuse component of the expected signal. A law 

D(#) cos $ was also observed a t  68 cm (Evavls and- Pettengill, 1963). 
It should be understood that th i s  modeling of the surface as a collection 

b?e 

of facets an4 dipoles is merely a convenient f iction Vhich serves t o  describe 
the electr ical  performance of the surface. 
surface is  cavered with dipoles, but merely that there are elements having 
s m a l l  rad i i  02 cumratwe and as such force the induced currents t o  flow in  

We do not suppose that  the lunar 

preferred directions different From that of the f i e ld  exciting them. 
see that the results of the circulas and linearly polaxized experiments are both 
open t o  a common explanation, Furthermore, these results support the view 
advanced eaxlier that the scattering in the diffuse region is dissimilar from 

Thus we 

tha t  of the center of the aisk. 
l a w  on the basis of quasi-specular scattering (e.g., Beckmann, 1965) may 

Attempts 'GO describe the entire scattering 
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succeed i n  matching the observed curves, but th i s  should not be construed as 

an indication of the physical rea l i ty  of the  model. 

c. The R a d a r  Cross Section ci 

Many observers hme reported vdues of LT a d  some of these axe pre- 
0 

0 
seiited in  Table V and plotted i n  Fig. 16. 
fractions of the physical cross section of the moon ( n  a = 9.49 x 10 
and span a mnge of over ten octaves (from 8.6 mn t o  22 meters). 
i n  cross section with increasing wavelength suggested by Fig. 16 de@nds 
1argel;Y on the three long wave measurements reported by Davis and Zohlfs (196k). 
These measurements may have been subject t o  systeraatic errors introduced by 
ionospheric effects. 

The values have beer_ ?resented 2s 
2 I 2 2  

M ) 
The increase 

If these three points axe ignored the remaincter show no 
clear wavelength dependence. In  part th i s  is caused by the lmge error bars 

associated with each measurement which may conceal a marked de-ndence. The 
errors given i n  Table V w e  the reported values where these have been given, 
or 5 3 db where no uncertainty was published. 

The errors associated with these measurements are generally large for  
reasons we have already enumerated. 
of the cross section vs wavelength wotiLd require that each rad= be calibra-ked 
i n  the manner described i n  Sec. IV d. 

It seems that a reliable determination 

The scattering cross section expected for a large dielectric sphere 
msy be m i t t e n  (Evans and Pettengill, l963b) 

2 
(J = g p o n a  
0 

vhere po i s  the Fresnel reflection coefficient fo r  normal incidence and g a 
term which denotes the directivity of the target, i.e., the abi l i ty  t o  scatter 
p r e f e r e n t i w  towasd the radar. 
the case where the surface has large scale irregularit ies (bu'c i s  locaXty smooth 
on the scale of at  least a wavelength) g = 1 f Q , where 2 is the mea  squme 

I n  the case of a perfect sphere g = 1 and for  

2 



Table V 

Values for the R a d a r  Cross Section of the Moon as a Function 
of Wavelength Reported by Various Workers 

Est imat e r l  
Author Y e a r  - Wavelength(cm) - o/n a2 Error ab 

fiynn e t  81 1963 0.86 0.07 i 1. 
Kobrin 1963* 3.0 0.07 It 1. 

Morrow -I e t  al 1963" 3.6 0.07 f 1.5 

Wms and Pettengill 1963c 3.6 0.04 f 3 .  
Kobrin 

Hughes 
1963" 10.0 0.07 = 1. 
1963" 10.0 0.05 2 3. 

Victor -- e t  a1 1961 12.5 0.022 i 3. 
This paper 1965 23 0.065 4 0.5 

Aaxons 
Blevis and Chapman 
Fricker e t  a1 

Leadabrand 

Trexler 
Aaxons 

Trexler 
Vebb 

EVaslS 

mans et al 
Evans and Ingalls 
Davis and Rohlfs 

-- 

-- 

Davis and Rohlfs 

Davis a d  R o u s  

1959% 
1960 
1960 

19%9* 
1958 
1959w 
1958 
1959* 
1957 
1959 
1962 
1964 

1964 

33.5 
61.0 

73.0 
75.0 

100.0 

149.0 
150.0 

199.0 
250.0 

300.0 

~ 3 0 . 0  

784.0 

1560.0 

1920 . 0 

0.09 
0.05 

0.074 
0.10 

0.07 

0.07 

0.08 
0.05 

0.10 
0.10 
0.06 

0.19 

0.16 

-i: 3. 
J- 3. 
i 1. 

3. 
f 4. 
iz 3. 
j: 4. 
z-3 

3 .  

3. 
3. 

f 5. 
4- 3. - 2. 
4- 3. - 2. 
f 3  

----c----- 

Revised value - (privately camrmulicated t o  Evans and Pettengill, 1 9 6 3 ~ ) .  
*Reported by Senior and Siege1 (1959, 1960). 



surface slope (Hagfors, 1961:). 
covered with structure having scales down to and smaller than the vavelengkh 
i n  size, Q has not been evaluated quantitatively. If the surface is completely 

For the general case i n  which the sphere I s  

covered i n  structure comparable with the tmvelength a d  as it result  behaves as 
a Lambert scattere?, then g = 8/3 (Grieg e t  al, 1948). 
that as the surface i s  covered to an increasing excent with objects compamble 
in  size to the wavelength, g increases from unity toward a value of about 3 or 
possibly hi& 7. er. 

It i s  thought, therefore, 

For the long wave measurements ( h  3 1 m) sham i n  Fig. 15 we conclude 
that  g = 1,O but that  G increases for A 
increase in  ci 
suggests that the reflection m3ses i n  an inhomogeneous surface. 
of the material on the lunar surface increases with depth then the longest 
mves vi.U penetrate deepest and the effective reflection coefficient ' G r i l l  

increase accordingly. 

1 m. 

indicztes that go is decreasing with iravelength, md hence 
The absence of a corresponding 

0 
If the density 

From the 68 crn results Evms asd Pettengill (1963) derived a reflection 
coefficient p 

able to the diffuse component. 
the lunar surface is  zero and hence the dielectric constant k = (1 f (f.70)2,/(l - .,[go) 

Evans and Pettengill derived a value Ii = 2.8, 
experimental results, but enFloyd a soiiievhat nore rigorous method of removing 

= 0,064 af ter  attempting to subtract out the echo pover a3tribu-t- 
0 

By assuming t ha t  the electr ical  conductivity of 
2 

Rea e t  al (196b) used the same 

the echo parer attributable t o  the rough structure (for which the value of 

compared with the values observed far t e r r e s t r i a l  rocks (Brunschwig e t  al, 1960) 
m e  i n  fac t  considerably higher t h m  vilues obtained i n  passive radiometric 
observations. 
i s  to determine the degree of polarization exhibited by %he r d i o  emissloi?, 
since this  depends direct* upon the transmission coefficient of the surface 
(1 - go) and thus on the dielectric constant k (Troitsbj, 1954). 
of th i s  kind have been performed by a ntnnber of observers (e.g., Soboleva, 1962; 
Xeiles and Drake, 1-963; IvIezger, 1965; Davies and Gardner, 1965) and yield values 
chiefly in  the range k = 1.7 t o  k = 2.1, 

thema3 history of the moon Over a 1unat;ion are less direct but also yield 

i s  
m t  k.iiown) and obtained k = 2.6. These radm values, although very low vhen 

Perhaps the nost reliable method of deriving k in such studies 

Measurements 

Other values obtained by studying the 
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values i n  the range 1.5 t o  2.0 (e.g., Troitsky, 1962; Salmonuvich and Losavsky, 
1962; Krot€kav and Troitslsy, 1962). The discrepancy between the radar and 
passive results has long remafned a puzzle. Calculations by one of us ( H a g f a r s  

-and Morriello, 1965) of the effect of surface roughness on the interpretation 
of the passive observations has indicated that, though this does tend t o  lower 
the value of k that is derived, the effect is no% large enaughto account for 
the discrepancy. The diCPicuL%y seems resolved as a result of recent radar 
observations reported by Hagf’ors e t  al (1965) which indicate that the r e  
echoes at nomnal. incidence are pasrtially reflected fran within the lunar sur- 
face, and that the upper 1-r has a dielectric constant of only about 1.8. 
It seems therefore that the passive measurements refer t o  the uppermost 
material (extending in depth perhaps scune tens of centheters)  and that the 

radas reflections yield an average valm related sanehow t o  the way in which the 
densi.l;y increases as a function of depkh. 

G l r a u d  (1965) has e-d the way in  which the reflection coeflicient 
would vasy 3x1 the case of a surfwe in  which the density increases *an zero 
l inearlywith depth aver a distance of d to a density corresponding t o  a 
dielectric cunstant 5. On the basis of this model o w  when h > 20 d is  the 
reflection coefficient the same as that which would be attributed to the sa- 
surface layer in the absence of an inhamogeneous covering, 
listed i n  Table V cuuld be repeated w5th an accuracy aqual t o  thae reported 
i n  this paper it seems that  the depth of the layer of l ight  material averlying 
the lunax surface might be established. 

If the measurements 

VI. Scattering from an undulating surface 

The results reported by Evans and Pettengill (1963) have stimulated a 
large nmber of investigators t o  attempt a physical description of the lunas 
surface froon the observations. 
vanced, 

Broadly two types of theories have been ad- 
In one, ray optics are emplqyed and the surface considered t o  be an 

assemblage of flat fmets ,  each of which reflects back 
viewed at  normal incidence. This treatment avoids the 
in other approaches in that the reflection coefficient 
reflection coefficient at normal incidence po and does 
angle of incidence. Emwn (1960), Muhl- ( 1 w )  and 

t o  the radar only if 
diff icul ty  encarntered 
is simply the Fresnel 
not depend on the 
Rea et al (1964) have 
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developed theories employing th i s  approach which differ  i n  the % r a y  i n  vhich the 
s t a t i s t i ca l  description of the sizes and shapes of the facets w e  handled. 
Rea e t  a1 (1964) derive a relation between the angulm mer spectrum and 

the probability density f($) , 

surface noma1 l ies  within the solid angle element & which makes a n  angle 
6 w i t h  the normal t o  the mean surface. 
spectrum i s  given by: 

-- 
Here f(@) .du, is  the probability that  the 

They find that  the angulm power 

F(#) d@ ~t e($) d dS 
cos $- ( 9 )  

This model 
echo (Fig, 

can be expected t o  apply o n l y t o  the quasi-specular portions of the 
14) where the scattering arrises chiefly from regions having lwge 

radii of curvatwe, 
planes i s  given in 

The mean surface slope averaged over a l l  possible vertical  

and emplaying 
h = 68 cm, 

VaLues of have been obtained by numerically integrating Eq. 10 

The values obtained are a t  for F(@) the curves sham i n  Fig. 14. 
ff = 10.2' and at 3.6 cm 
necessaq t o  extrapolate the results for P($) for  the region fi 
acccmplished as sham i n  Fig. 17, by f i t t i n g  a linear l a w  t o  the values of 
Log P($) observed 1n the range 4 < @ C 10'. 
this  procedure introduces an uncertainty of perhaps f lo i n  the values g%ven 
for $7. 

treated 85 locdly  mouth (so that  the boundary conditions can be establishCJa 
using Fresnel's reflection formula) and undulating. 
a point on the surface a t  a height h abme the mean surface is genera33y 
assumed t o  be gaussian, i.e., prqP0rt;ionaJ. t o  exp - 
the 31118 height fluctuation. 

= 14;8'. In order t o  obtain these results it vas 

3'. This was  

0 
The uncertainty associated w i t h  

In a second; approach diff!ra;ctiontheory is employed. The surface is  

The probability of finding 

(h/ho) 1 where ho is 3; 2 

The horizontal behavior of the surface is then 



specified by means of an autocorrelation function p(d) where 

In which h(x) is the height of the surface at a point x asld- h(x-:-d) at a 

distmce d aTmy, Both exponential f p(d) 

[ p ( d )  QI exp ( - (d/do)2) 1 functions have been examined. M o s t  workers have 
avoided the difficulty encountered due to  the reflection coefficient vazy-ing 

with the angle of incidence # by asstrming the surface to be pe r fec t9  - con- 
ducting (e,g. , Hargreaves 1959; Daniels 1961; Hagfors 1$1; Hayre and Moore 
1961; Bramley 1.962; Hughes 1962 a, b,; Vinter 1962; Fung and Moore 1964). 
Hagfors (1964) has treated the case of a dielectric sphere and shawn that 
when aJ.luwance i s  made for the curvature of the moon's surface and the 
physicaUy most plausible series of approximations for  the terms in the express- 
ion for the reflected f ie ld  (Huygen's integral) are made, the following results 
are obtained, 

exp ( - d/dl)] and gaussian 
I 

where go = ho/do 

2 2  where C = [a' h/4 7~ ho 1 
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H a g f o r s  (1965) has shown that if the s ta t i s t ics  of the surface slopes are made 

the same in  the geometric optics and in  the autocorrelation approaches the two 
methods w i l l  yield the same results provided the surface introduces deep phase 
modulation and provided only lasge scale structure is present gn the surface, 
Physically t h i s  may be taken as a demonstration that  the regions oriented normal 
t o  the l ine  of sight me mainly effective in scattering back, t o  the radar. 

The experimental results presented i n  Fig, 14 have been compared with the 
lairs Eq. 13 md E%i. 15 and in  each case it has been found that  the exponential 
surface best matches the results, 
comparison of the geometric optics and the autocorrelation approaches i s  very 
diff icul t  due t o  the presence of an appreciable mount of small scale stmzcture. 

Table YX l ists  valu63s of the relative echo pover (expressed in ab) as a 
function af the angle of incidence $d according t o  Eq. 15 for vasiaus values of 
the parameter C, 

A = 68 crn C = 100, A = 23 cm C = 70, h = 3.6 cn C = 30. 
that these are the values that  match the quasi-speculw component of the echoes 
(Le,, after the diff'use component has been subtracted), S lggb t ly  lower values 
would be required if one attempted t o  match the whole curve for  P('$). It is 

evident that  the constant C does not vaxy as h as e w c t e d  (Eq. 15). Further- 
more ,  i f  the  known m height of the lunay. mountains (- 1 Km) is inserted for 
ho one obtains a value for the correlation distance d' larger than the s i z e  02 
the moon. 
should not be associated w i t h  the lmgest elements on the lunar strrface, Fmg 
and Moore (1964) have advanced similar arguments. Beckman (1965) has attenpted 

2 t o  d m  foMnally for  a wavelengkh dependence i n  the v&Lue C (other than C c h ) 
by considering the surface as a sum of many components (e,g,, mountains, h i l l s ,  

In t h i s  cczse, it should be noted a direct 

The values of C which match the experimental results me at  

It should be noted 

2 

This has led Daniels (1961) t o  suggest that  the term ho i n  Eq. 15 

hwnn?ocks, craters, , . . ) each of which has heights that are gawsianly distributed 
ctnd i s  describable by means of an exponential autocorrelation Function. 
scattering l a w  (Becham, 1965) obtain& is identicaf t o  hat given by E@ors 
(1964) In Eq, 15 except that  the constant C becomes C = [ C dit A2/4n Z h ' l2 
vhere i is an Integer indicating the i t h  component of thei%face. Since at 

normal incidence structure for which ho < x/S introduces l i t t le.  perturbation 
i n  the reflected phase front and may be neglected, a wavelewh dependent ima 

may be determined and the wavelengkh dependence fouaWs. 

The 

L x  
o i  
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ThBLC VI 
Reduction in Relative Echo Power (db) vs flrgle of Incidence according to Cq. 15 
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It should be stressed that the theory outlined here, l ike  the ray optics 
treatment, can be expected t o  apply only t o  the quasi-specula cor1paien-t; of 
t he  echoes. The diff-=e cor;rponent of the echoes we have associzted trith the 
s m a l l  sca le  elements of the surface for reasons advanced- in  Sec. V a,%. 

authors (erg., I\Iuhlemc..;n, 1954; Becknmnn, 1965; BecIunann ana Iil-emperer, ~ 9 G 5 )  
have, hovever, attempted t o  eQlain the whole curve for E’(@) using one of the 
theories outlined here, and in some instances have been surprisingly successful 
i n  natching the observed curves by one of a family predicted by the theomj. 
Unfo??tunately, a s  we rer,wked exrlier hawever, t h i s  cannot be taken as proof 
of the validity of the physics2 premises upon vMch the theory is  base$. 

Some 

In the diffuse region it amems that  diffraction of the waves mound 
IIagfors e t  a3 (1965) have shown SEEXI objects ~d l l  be an importmt effect. 

that the scattering in th is  region i s  l ikely t o  take place ent i rew within 
the lunar surface a d  hence the s m d l  objects may l i e  uFon 
or may be 6ensity irregulazities i n  the uppermost layer. 

subsurface layes 

Bechann (1965) has developed a Vneory which includes the geometric effects 
of shzdmring and t h i s  theory has been ap2lied t o  the lunar results by Beck3nann 
and IUerrperer (1965). Apart from the objection we have raised t o  treating the 
diffuse echoes as attributable t o  quasi-specular scattering we believe that  the 
shadmdng function derived by Beckmr-znn (1965) i s  i n  error. 
f i e s  the amount of surface w e a t h a t  w i l l  be removed From view at grazing angles. 
There zppeairs t o  be a mathematical mistake in the derivation of th i s  function 
(Shaw, 1966), but we do not believe that this is  the proper function t o  errrploy 

This function speci- 

i n  any event. A l i t t l e  thought serves t o  show that the elements of the surface .-- 
which are capable of reflecting back t o  the rad= me the very ones which in t ro-  
duce most of the shadming. Since the regions that axe shadowed ere the reverse 
slopes of the mountains (which voul.4 not ref lect  favorably) it is largely the 
regions which would not contribute t o  the reflection that  are screened from 
view. 

supposed by assuming a dependence s i n p l y  on the amount of =ea removed fram 
view. 
been verified, and t h i s  vork is the subject of a sepmate paper (Brockelmafl 
and Hagfars, 1966). 

It folluws that the s h a d e  effect  is less severe than would be 

By modeling a surface i n  a d ig i ta l  compzter the abwe statement has 



V I I .  Conclusion 

Experinients have been regortea in  which the scatte3Ang behavior of the 

moon a t  a wavelength of 23 cm has been investigated. 
observeci by e w l i e r  workers has been supparted trj these mezsureraents. 
employine different polzriz&ions Tor trmsmission ail rece;ptlon the depolaizinir, 
properties have been explored, 
ing from the center of the disk is largely from regions that m e  locally smooth 

on the s c d e  of the travelength, whereas for an a g l e  of inczdence # > 40' 
scztteri!g i'rcm rough structure apgews t o  predomlnate. 

T1ie wavelength dependence 

Ey 

These results support the view t'nat the scatter- 

li2 the central region 
the theory of the scatterin& is in satisfactory shape, aslci the surface can be 
described sss having an exponential autocorrelation function and a rnean slope 
of about 10 vhen measured over an interval of a few meters. In  the Limb 

region trhere scattering from rough structure predcmhates the theory is less 
satisfactory, 
f l a t  facets, <and at 23 cm wavelength 605 of the parer is reflected. by the 
d ipoles , This irregular structure, must, hawever, large* l i e  within the 

surface according to sepasaee experiments reported by Eagfors et  a3 (1965). 
The d q t h  and perhaps sane other popert ies  o f t h e  uppermost tenuous lapr 
might be inferred i f  very precise r a w  cross section measuremen-ts could be 

made at may wavelengths. 
this  using a preciseb machined calibration s?heTe i n  Eazbh orb i t  <as a ~ d a  

reference stan-. 

0 

The scatterers my be modeled as collections of disoles and 

The paper outlines one method of accomplishing 

2% 
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Figure Legends 

Fig. 1 

Fig. 2 

Fig. 3 

Fig. 4 

Fig* 5 

Fig. 6 

Fig. 7 

Observations of m n  echoes over the range of delays t = 0 t o  
t = 2.4 msec. 
10 and 30 %ec length. 

These observations were performed using pulses of 

Observations of moon echoes over the f'ull range of dews 
0 - U.6 mec. using pulses of 30, 100 and 200 wec. The curve 
Shawn "broken" has been obtained by correcting the observations 
for the effect of the non-unifonn i l lminat ion introduced by the 
antenna beam. 

The antenna pattern for the Millstone Hill rad= obtained by 
scanning radio stars and a distant beacon transmitter. The antenna 
pattern shown here imposes a weighting of the results both on trans- 
mission and reception. The effect of this weighting is indicated i n  
Figs. 1 and 2, 

The combined results of a l l  the measurements me included i n  
this plot t o  obtain the complete dependence of echo puwer xLth 

delay. 

The 23 cm results sham i n  Fig. 2 are here compamd with results 
reported by mans and Pettengiu (lg6Jb) at 3.6 and 68 cm wavelength. 
For a l l  three c m e s  the shortest pulse measurements that have been 
included was 30 Wec, so that the resolution near zero delay is 
comparable. AU. the curves have been normalized a t  the origin. 

The depolarized or opposite sense circularly polarized mode 
observed at  23 cm wavelength, 
pulse t o  explore the region up t o  4 msec delay and a 1 msec pulse for 
the region beyond. 

This c w e  was obtained using a 160 Mec 

The results shown i n  Fig. 6 a,re here compared t o  s c d e  with a 
determinaticm of the expected component of the echo puwer* 
results were  obtained using a 160 Wec transmitter pulse on 
February 3, 1966, 

These 



Fig. 3 The percentage polarization (defined in  the tex t )  observed for 
the circularly polarized components (Fig. 7) i s  plotted here 
together with previous results for  68 era (Evans and Pei;%engill, 

1963%). 
a t  23 c m  eiim at 68 cm. 

It aypems that there is  8 lmger aimunt of &polmiza,tion 

Fig. 3 The effect of the noon's reflection proTerties on l inewly 
polarized sipals is  plotted i n  this 6iaC;ra-a. 

l i t t l e  energy is  converted f r o m  the incident linear node into im 
orthogonal mode for smczU values of delay (corresponding t o  new 
nomc&l incidence). 
also Fig. 8) and this is attrfbuted Go the transition *om lmgely 
quasi-speculm t o  lm,rely diffuse reflection. 

It c m  be seen Ynat 

There appears a %??e& at 3 msec d-elay (see 

Fig, 10 The variation 02 the t o t a l  cross section of the moon at 23 cm 
wavelength ES a function of pulse lengbh. This curve vas derived 
from t h e  results presented i n  Fig, 4 and has been emFloyed i n  
obtaining an accurate deterraination of the r&m cross section of 
the moon (See XVil). 

Fig. ll This plot smiarizes the radar observations of the xoon reported 
thus f m  i n  which a p l s e  length of LOO psec or  shorter w a s  employed. 

All the curc'es have been nomidized at zero dela7, 
resolution of the echo near t = 0 differed considerably between the 

experiments (and hence the relative positions of the curves i s  
l ikely t o  be scmiewhat i n  error) the vavelength 6ependence i n  the 
scattering is clearly evident, 

Although Yne 

Fig. I 2  The results obtained for the expected canponent of the echoes 
We find (Fig. 2) have been replotted as a f'unction of Log cos 8. 

that  in the region # 2 80° the echo pmer is  propartional t o  cos @ 
and for  50' < fl < 80° t o  cos 3/2 $de 
at 68 cm wavelength (Evans and Pethengill, 1963b), but the reason 
for this dependence is  not clearly understood. 

SFmila;r behavior was observed 



Fig. 13 The results plotted i n  Fig, 3.3. ‘are here reglotted as a 
function of Log cos @. 
clelqy (termed diffuse in the tex t )  conforms t o  a sirtplc 

6ependence upon cibher cos # ( h = 0.8 cm and 3.6 mi) or 
cos 312 # ( A  = 23, 68, 

We find that the region beyonil Ik mSec 

600 em). 

The quasi-specular component of the echoes, i*e., the echo n* 21g. 14 
power r e m i n h g  when the component following the straight lines in  
Fig. 13 has been subtrmted. There seem l i t t l e  difference between 
the results at h = 23 and h = 68 cm, indicating that s;t these two 

wavelengths the distribution of surface slopes appears t o  be about 
the sane. 

Fig. 15 The angular scattering l a w  far the depolarized component of 

the echoes D ( t )  plotted in  Fig. 6. 

Fig. 16 

Fig. 17 

The cross section of the moon VS. Wavelength. 

The behavior of the echo pawer for  s m a l l  values of $. 
of the f in i t e  length of the pulses the behavior in  the region 
# C 2.5’ has not been explored it has been necessaq t o  extrapo- 
late the results l inewly as sham i n  order t o  obtain values for  

the mean surface slope 

Because 

(see text) .  
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